Although the acceleration of bone regeneration by radiation has been reported, the mechanisms of action of radiation on bone are unclear. The present results indicate that ionizing radiation-stimulated differentiation could result from the generation of reactive oxygen species during radiation exposure. The free radical release is considered as the most important mechanism of bone effect by radiation treatment. In addition, we report that radiation induced transient activation of c-Jun N-terminal kinase/ stress-activated protein kinase (JNK/SAPK) activation and the transcription factor, AP-1. The JNK and AP-1 activation is mediated with radiation-released free radicals in ROS 17/2.8 osteoblasts. These results indicate that ionizing radiation at a single dose of up to 5 Gray stimulates differentiation of ROS 17/2.8 osteoblasts via free radial release which may affect JNK/SAPK and AP-1 activities.
INTRODUCTION
Several in vivo studies on the effect of radiation on bone have been reported [1] [2] , but the effect of ionizing radiation on osteoblasts remains obscure. There is a concern for adverse effects accompanying any use of ionizing radiation; therefore, during the healing and early remodeling phases of osteointegrated dental implants, radiographic procedures are rarely used, due to the possibility of the detrimental effect of ionizing radiation on the healing and remodeling of bone 3) . Limited information is available on the effects of low doses of ionizing radiation on the healing and remodeling of bone tissue, including the tissue-implant interface zone 4) . Cellular and molecular studies monitoring the biological effects of irradiation have been rare until recently. Recent advances have made such studies possible on several mammalian cells 5 -7) . Several in vitro culture systems for studying osteoblast differentiation have been successfully established. Of these, culture systems of clonal osteoblastic cell lines 8) are useful for the investigation of osteoblast differentiation, because they are composed of a relatively homogeneous population of osteoblastic cells. In this study, we have used ROS 17 / 2.8 rat osteosarcoma cells, which have the osteoblast phenotype 9) .
Recently, it has been hypothesized that irradiation-induced chemical and physiological alteration could result from the generation of reactive oxygen species during ionizingradiation exposure, which is considered as the most important indirect mechanism of radiation therapy 10) . Free radicals can be generated by water radiolysis to act on Ca 2+ , Na + and K + channels, Na + /K + and Ca
2+
-ATPases and Na + /K + /2Cl -cotransporter 11) . Nevertheless, available data are very limited concerning possible mediators of ionizing radiation-induced bone remodeling. One of the purpose of the present study was to identify oxygen free radicals as possible mediators of radiation-induced alkaline phosphatase, a bone differentiation marker. Oxidative stress constitutes a major threat to organism living in an aerobic environment, and for humans it might have a causative role in many disease processes. Oxidants can trigger the activation of multiple signaling pathways, including the phosphorylation cascades leading to the activation of mitogen-activated protein kinases (MAPKs) 12) and transcription factors such as NF-kB 13) or AP-1 14) .
MAPKs, which include extracellular signal-regulated protein kinase (ERK), c-jun N-terminal kinase/stress-activated protein kinase (JNK/SAPK) and p38 subfamilies, are important regulatory proteins through which various extracellular signals are transduced into intracellular events 12) . They are responsible for the phosphorylation of a variety of proteins including downstream kinases and transcription factors. ERK, JNK/SAPK and p38 can all be activated by a variety of stimuli including growth factors, cytokines and different cellular stresses. High levels of JNK/SAPK activity have been correlated in many instances with the induction of apoptosis 15) . However, there are reports of situations in which JNK/SAPK activation occurs without influencing cell death 16, 17) , and still others in which JNK/SAPK activation actually promotes proliferation and/or cellular transformation 18) . In this study, we examined whether radiation-induced free radicals can act to regulate bone differentiation via activation of JNK/SAPK and subsequent transciption factor, NF-kB or AP-1.
MATERIALS AND METHODS

Irradiation
For irradiation, a linear accelerator (Linac) radiotherapeutic machine (Mevatron 5800, Siemens, Germany) was used as an x-ray source and radiation dose was measured by an ionization chamber (Victoreen model 500). All samples were exposed to different doses of radiation at a dose rate of 0.1 Gray/ min on days 2, 4 or 8 after seeding. Irradiations were done at room temperature under sterile conditions. The control samples were treated similarly except for irradiation.
Determination of cell number ROS 17/2.8 cells, a subclone of the osteoblastic rat osteosarcoma cell line, were a gift from Dr. Gideon Rodan, Merck Sharp and Dohme Research Institute, NJ, USA. The growing cells in 24 well culture plates were collected by treatment with 1 : 1 mixture of trypsin (0.05%) and collagenase (0.1%) solutions for up to 25 min. The number of cells in each well was determined using a Coulter counter (Model ZM, Electronics Ltd., Luton, UK).
Assay of cellular alkaline phosphatase (ALP) activity
Osteoblast differentiation was monitored by cellular ALP activity, which was measured with 10 mM p-nitrophenylphosphate (PNPP) in 0.15 M sodium carbonate buffer (pH 10.3) in the presence of 1 mM MgCl 2 19) . The specific activity was normalized against cellular protein determined according to Lowry's method.
Measurement of ROS
ROS 17 / 2.8 osteoblasts were incubated with 100 mM DCF-DA (Dichlorofluoresceindiacetate) or the equivalent amount of DMSO for 4 h at 37°C. After incubation, cells were washed with PBS, an aliquot was taken for cell counting, and the rest was used to determine the relative amounts of ROS by measuring fluorescence with a spectrophotofluorimeter (excitation, 495 nm; emission, 520 nm) 20) . Cell numbers were determined in parallel, and fluorescence values were normalized to the number of cells in each sample.
Immunoprecipitation and kinase assays
Cells were lysed in a modified radioimmune precipitation buffer (25 mM Tris-HCl, pH 8.0, containing 137 mM NaCl, 10% (v/v) glycerol, 0.1% SDS, 0.5% (v/v) deoxycholate, 1% (v/v) Nonidet p-40, 2 mM EDTA, 1 mM pefabloc, 1 mM sodium vanadate, 5 mM benzamidine, 5 mg/ml aprotinin, 5 mg/ml leupeptin) on ice for 30 min. Cell debris was removed by centrifugation at 15,000 rpm for 10 min. Supernatants were then incubated with anti-JNK for 2 h at 4°C. The immunecomplexes were precipitated with pansorbin and washed extensively with lysis buffer (50 mM LiCl/100 mM, Tris/HCl (pH 7.6)/0.1% (v/v) Triton X-100/1 mM DTT). The pellets were left as a 1 : 1 suspension in assay buffer and 20 ml (0.3 mg/ml) of GST-c-jun was added. Kinase reactions were initiated by the addition of 15 ml of g 32 P-labelled Mg/ATP solution (50 mM MgCl/500 mM ATP/10 mCi of [g -32 P]-ATP) and performed at 3°C for 30 min. Reactions were stopped by the addition of Laemmli sample buffer and boiling for 5 min. Samples were separated by SDS/PAGE (12% (w/v) gel), and after drying were subjected to autoradiography. Quantification was performed with a phosphoimager (Molecular Dynamics, Sunnyvale, CA, U.S.A.).
Electrophoretic mobility shift assay (EMSA)
The nuclei of ROS 17/2.8 cells with or without irradiation were extracted according to modification of the procedure described by Dignam et al 21) . The cells were washed twice with ice-cold PBS and lysed with hypotonic buffer (10 mM HEPES, pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, 0.2 mM PMSF, 0.5 mM dithiothreitol, 10 mg/ml aprotinin, 20 mM pepstatin A, 100 mM leupeptin). After centrifugation at 1000 ¥ g, the nuclear pellets were resuspended in extraction buffer (20 mM HEPES, pH 7.9, 25 %(v/v) glycerol, 0.4 M KCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.2 mM PMSF, and 0.5 mM dithiothreitol) and incubated on ice for 10 min. The nuclear proteins in the supernatant were recovered after centrifugation at 15,000 ¥ g, quantified by using a BCA protein assay kit (Sigma Co., Saint Louis, MO) and used to carry out EMSA. To measure the activation of AP-1, the oligonucleotide probe of AP-1 (5'-CGC TTG ATG ACT CAG CCG GAA-3', Santa Cruz, CA, USA) was used. Two complementary strands of the oligonucleotide were annealed and labeled with [a -32 P]-dCTP using random primer labeling kit (rediprime, Amersham Life Science, England). Nuclear extracts (5 mg) were reacted with 2 -5 ng of the radiolabelled AP-1 probes (50,000 -100,000 cpm/ng). The reaction was performed in the presence of 10 mM Tris HCl (pH 7.5), 100 mM NaCl, 1 mM dithiothreitol, 4% glycerol (final volume: 25 ml) at room temperature for 30 min. For supershift assay, 2 ml of anti-c-Fos antibody (c-fos (K-25), Santa Cruz Biotehnology, Santa Cruz, CA), or anti-c-jun antibody (c-jun/AP-1 (D), Santa Cruz Biotechnology, Inc.) were incubated with nuclear extracts for 1 h at 4°C before EMSA. The reaction products were subjected onto 4% polyacrylamide gel electrophoresis in 0.5 ¥ TBE buffer (50 mM Tris-HCl, pH 8.5, 50 mM borate, and 1 mM EDTA). Gels were dried under vacuum for 1 h. DNA binding activity for AP-1 was measured by using PhosphoImager analyzer (BAS, Fuji Co, Japan).
Data analysis
We used one-way ANOVA (Analysis of Variance) followed by Scheffe's test to analyze any difference between control and irradiated cultures at each single culture time point. Furthermore, we used two-way ANOVA to analyze various interactions of the parameters in this study. All reported values are means ± standard deviation (SD); P < 0.05 was considered statistically significant.
RESULTS
Effects of radiation on cellular proliferation
The growth curve for rat osteosarcoma ROS 17 / 2.8 cells cultured under the preceding conditions is shown in Fig. 1 . There was an eight-fold increase in cell number between initial plating and the saturation density in control. Radiation (0.1, 0.5, 1, 2, 5 or 10 Gray) on day 2, 4 or 8 had no effect on cellular proliferation. However, irradiation (20 or 30 Gray) on day 4 or 8 had inhibitory effect on proliferation, compared with corresponding controls. This indicates that irradiation at 20 or 30 Gray not only inhibited cell proliferation but also induced cell death. Figure 2 shows the effects of different doses of radiation on ALP activity measured by the biochemical technique. Irradiation on day 2 did not have an influence on the ALP activity. Irradiation on day 4 or day 8, at which stages cell proliferation activity was lower, increased the ALP activity in a dose-dependent fashion up to 5 Gray. In contrast, the alkaline phosphatase activity was decreased in ROS 17 / 2.8 osteoblast irradiated at 20 or 30 Gray. This indicates that irradiation at 20 Gray or more inhibited cellular proliferation and subsequently reduced ALP activity in ROS 17/2.8 osteoblast. Histochemical analysis of the ALP (data not shown) gave a result similar to that of the biochemical measurement.
Effects of radiation on the ALP activity
Effects of antioxidants on radiation-induced ALP activity
The antioxidants were added before irradiation on day 4 or 8 and maintained for 2 days. As shown in Fig. 3 , superoxide dismutase (SOD: 200 U/ml), a superoxide anion scavenger, slightly reduced the radiation-induced ALP activity, a differentiation marker. However, catalase (200 U/ml), which reduces hydrogen peroxide, reduced the ALP activity significantly. SOD, in combination with catalase, significantly reduced the activity. By the treatment with N-acetyl-L-cysteine (NAC: 1 mM) or glutathione (GSH: 1 mM), 5 Gray radiationstimulated ALP activity was reduced by 25%, compared with corresponding controls. NAC in the presence of GSH significantly decreased ALP activity. In contrast, dimethylsulfoxide (DMSO: 0.1% v/ v), a powerful scavenger of hydroxy radicals, did not induce marked modification of the radiation-activated differentiation. These results suggested that superoxide anion and hydrogen peroxide rather than hydroxy radicals are the major reactive oxygen intermediates responsible for the osteoblast differentiation that occurs in this system. 
Effects of antioxidants on radiation-induced reactive oxygen species (ROS) in ROS 17 / 2.8 osteoblasts
Reactive oxygen species (ROS) produced in the osteoblasts were determined by measuring fluorescence after loading with DCHF-DA, a dye that is oxidized into a highly fluorescent form in the presence of peroxides. DCHF-DA can be oxidized by any peroxidase and hydroperoxide including H 2 O 2 . To specify the active oxygen species that were responsible for oxidation of DCHF, we examined whether antioxidants prevent the oxidation of DCHF. ROS 17/2.8 cells were exposed to ionizing radiation in the absence or presence of SOD (200 U)/ catalase (200 U), or NAC (1 mM)/GSH (1 mM). The addition of antioxidants completely inhibited the increase in DCHF oxidation as measured 2 h after the exposure. As shown in Fig. 4 , reactive oxygen species (ROS) participated in DCFH oxidation after irradiation. These data indicate that when ROS 17 / 2.8 osteoblasts were exposed to radiation, free oxygen radicals were generated and resulted in differentiation. 
Effects of antioxidants on radiation-increased JNK/SAPK activation in ROS 17/2.8 osteoblasts
To determine whether radiation activates JNK in ROS 17 / 2.8 cells, the cells were exposed to 5 Gray of radiation in F-12 medium containing 0.5% FBS. We found that radiation (5 Gray) increased the phosphotransferase activity of JNK1 toward c-Jun protein at 2 h (Fig. 5A) . Figure 5B shows that SOD in the presence of catalase or NAC in the presence of GSH reduced the activation of JNK to the basal level, suggesting that radiation-induced free radical may stimulate the phosphotransferase activity of JNK1 toward c-Jun proteins in ROS 17/2.8 osteoblasts.
Effects of antioxidants on radiation-activated AP-1 transcription factor in ROS 17/2.8 osteoblasts
The nuclear extract (5 mg) of ROS 17/2.8 cells was used to carry out EMSA for AP-1. Radiation clearly increased the binding activity of nuclear extract to oligonucleotide probe of AP-1 at 3 h (Fig. 6A) . In contrast, NAC/GSH or SOD/catalase significantly reduced the activation of AP-1 (Fig. 6B) , suggesting that the antioxidants may block radiation-stimulated phosphotransferase activity of JNK1 toward Jun proteins and subsequent activation of AP-1 transcription in ROS 17/2.8 osteoblasts.
Supershift of the band formed by AP-1-binding activity
To quantitate the amount of c-Fos and c-Jun proteins contained in the DNA-protein complexes formed with AP-1 probe, we performed a supershift assay using antisera raised against c-Fos and c-Jun proteins. Anti-c-Fos antibody was reactive with Fos-family proteins as well as the c-Fos protein. Likewise, anti-c-Jun antibody was cross-reactive with Jun-family proteins. When the nuclear extracts of ROS 17/2.8 cells harvested 3 h after the ionizing radiation were preincubated with anti-c-jun antibody and then incubated with radiolabeled probes, the pretreatment significantly reduced the signals of DNA-binding proteins bound to AP-1 sequences (Fig. 7) . On the other hand, AP-1 binding activity was slightly reduced by pretreatment with anti-c-Fos antibody. The result indicated that radiation transiently increased the phosphotransferase activity of JNK1 toward Jun proteins, which might in turn trigger activation of AP-1.
DISCUSSION
The present study demonstrated that irradiation at a single dose of up to 5 Gray stimulated alkaline phosphatase (ALP), a differentiation marker, via release of free radicals but induced no significant changes in cell growth in ROS 17/2.8 osteoblasts.
Alkaline phosphatase (ALP) activity was considered as a marker of osteoblast differentiation, and the level of ALP activity has been routinely used as a relative measure of differentiation stages of osteoblast. It was reported that early progenitor cells do not express osteoblast marker such as ALP or osteocalcin and differentiate through a defined number of cell divisions to express ultimately a mature osteoblast phenotype that is a postmitotic cell expressing such markers and capable of bone formation 22) . In the present experiment, ALP activity was significantly stimulated after ionizing radiation up to 5 Gray. However, higher doses of radiation (10, 20 or 30 Gray) had an inhibitory effect on the ALP activity in ROS 17/2.8 osteoblast.
It was recently reported that irradiation at dose of 5 Gray or more decreased the DNA content of cells and that ALP, conversely was increased by irradiation in MC3T3E1 osteoblast 23) . Dare et al 24) also suggested that at 4 Gray of ionizing radiation, the radiation affects proliferation and differentiation differently in vitro, depending on the cell types. However, the regulatory mechanism of ionizing irradiation on bone is not fully understood. Figure 4 indicates that when ROS 17/2.8 osteoblast is exposed to ionizing radiation, free radicals are generated in the environment. There is amounting evidence that radical oxygen species (ROS) may be central in a consensus of various cellular events including apoptosis and transformation. Our study shows that ionizing radiation (5 Gray)-increased differentiation is significantly inhibited by catalase in the presence of superoxide dismutase (SOD) or N-acetyl-L-cysteine (NAC) in the presence of glutathione (GSH). These data suggest that free radicals may be involved in ionizing radiation up to 5 Gray-induced differentiation in ROS 17 / 2.8 osteoblast. Interestingly, higher dose of radiation (10, 20 or 30 Gray) inhibited differentiation. There may be another mechanism that explains the inhibitory effect of osteoblast differentiation induced by higher dose of radiation. It is possible that higher dose of radiation inhibits cell proliferation and subsequent cell differentiation. Matsumura et al 23) suggested that induction of differentiation be accompanied by cessation of proliferation. In other cells, such as human neuroblastomas and fibroblasts, irradiation induces terminal differentiation 25) .
ROS are produced in all mammalian cells, partly as a result of normal cellular metabolism and in response to various stimuli. ROS comprise essentially the superoxide anion radical (O Although the osteoclast has long been recognized as the cell responsible for bone resorption, the mechanisms by which they carry out this function are not fully understood. Recently, it has been suggested that isolated osteoclasts contain superoxide dismutase and produce oxygen radicals in response to hormones. Since free radicals play an important role in many degenerative processes 26) , it is attractive to postulate that ALP, a differentiation marker, is susceptible to ionizing radiation-released free radicals. Recently, it was demonstrated that ROS produced by H 2 O 2 or ionizing irradiation is capable of stimulating MAP kinases 27) . Furthermore, ROS themselves, such as low doses of H 2 O 2 , or pro-oxidant conditions, such as UV or g-irradiation, activate signaling pathways and transcription factors including mitogen-activated protein kinase or stress-activated protein kinase as well as AP-1 and NF-kB activation. Therefore it is conceivable that radiation induction of free radicals occurs through activation of MAP kinases and transcription factor. In consistent with that, our study shows that radiation-released free radicals have stimulatory effect on JNK/SAPK (Fig. 5 ) and AP-1 activity (Fig. 6) .
AP-1 activation has shown to be regulated by JNK through phosphorylation of c-Jun 14) .
Since we found that the antioxidants also blocked JNK activation by ionizing radiation (Fig. 3B) , it is possible that SOD / catalase or NAC / GSH suppresses AP-1 transcriptional activation through JNK. Although there are reports that JNK activation is needed for transformation and differentiation by certain stimuli 28) , it is not known whether JNK activation is needed for the radiation-stimulated differentiation or not. Nevertheless, it is possible the antioxidants exert their effects on ionizing radiation-stimulated differentiation through inhibition of JNK and subsequent AP-1 activation. In this report, the antioxidants may provide an important therapeutic approach to bone resorption induced by free radicals.
